Consumption of polluted fish may lead to high levels of persistent organic pollutants (POPs) in humans, potentially causing adverse health effects. Altered DNA methylation has been suggested as a possible contributor to a variety of adverse health effects. The aim of this study was to evaluate the relationship between serum POP levels (dioxins, polychlorobiphenyls, and perfluoroctane sulphonate) and DNA methylation. We recruited a total of 80 Dutch men who regularly consumed eel from either low-or high-polluted areas, and subsequently had normal or elevated POP levels. Clinical parameters related to e.g. hormone levels and liver enzymes were measured as biomarkers for adverse health effects. The Infinium 450K BeadChip was used to assess DNA methylation in a representative subset of 34 men. We identified multiple genes with differentially methylated regions (DMRs; false discovery rate <0.05) related to POP levels. Several of these genes are involved in carcinogenesis (e.g. BRCA1, MAGEE2, HOXA5), the immune system (e.g. RNF39, HLA-DQB1), retinol homeostasis (DHRS4L2), or in metabolism (CYP1A1). The DMRs in these genes show mean methylation differences up to 7.4% when comparing low-and high-exposed men, with a mean difference up to 14.4% for single positions within a DMR. Clinical parameters were not significantly associated with serum POP levels. This is the first explorative study investigating extensive DNA methylation in relation to serum POP levels among men. We observed that elevated POP levels are associated with aberrant DNA methylation profiles in adult men who consumed high-polluted eel. These preliminary findings warrant further confirmation in other populations.
Introduction
Persistent organic pollutants (POPs) are widely present in the environment and humans are mainly exposed to POPs through the consumption of food, especially fish and seafood [1] . In Dutch men, serum POP levels were shown to be elevated in consumers of high-polluted eel, coming from rivers with a high degree of urbanization and industrialization, compared with men consuming eel from relatively low-polluted areas or aquaculture [2] . Especially, polychlorobiphenyls (PCBs) (median increases 4-10 times), perfluoroctane sulphonate (PFOS) (median increase 2 times), and the total amount of dioxins and dioxin-like compounds (median increase 2 times) were found to be elevated. In 2011, a ban on eel fishing in high-polluted areas was implemented since risk assessors had concluded that the consumption of one portion eel per month would lead to unsafe levels of especially dioxins and dioxin-like compounds [3] . The safe level is derived from animal reproduction studies [4] , and there is a lack of information regarding the exact safe levels in humans.
In adults, POPs can cause various adverse health effects of which the majority is related to endocrine disruption, neurological disorders, immune function and cancer [5] . More specifically, hydroxylated (OH-) PCBs might affect thyroid and retinol regulation [6] , while dioxins and PFOS might affect testosterone levels [7, 8] , liver enzymes [9, 10] , hematocrit (Ht) and hemoglobin (Hb) levels [11, 12] . Furthermore, POP mixtures were shown to interfere with glucose and high-density lipoprotein (HDL) cholesterol levels, and possibly attribute to an increased risk of diabetes mellitus type II [13] . Although some mechanisms explaining adverse health effects of POPs are clear, like dioxins binding to the aryl hydrocarbon receptor [14] , OH-PCBs binding to thyroid transport proteins [6] , and PFOS resembling fatty acids [15] , not all adverse health effects can be explained by these mechanisms of action. Epigenetic phenomena, such as DNA methylation, have been proposed as a possible molecular mechanism underlying adverse health effects of pollutants [16] . Observational studies have indeed shown that POPs can affect global DNA methylation, although both hypo-(decrease) and hyper-(increase) methylation have been found [17] [18] [19] [20] . Furthermore, animal studies showed that dioxin [21] , PCBs [22] , and PFOS [23] might cause adverse health effects due to genespecific methylation changes. Also in vitro experiments showed that POPs can affect gene-specific DNA methylation [24, 25] .
Therefore, we hypothesized that men with elevated POP levels (i.e. dioxins, PCBs, and PFOS) might have aberrant DNA methylation profiles which may possibly explain the suggested adverse health effects. In this study, we assessed DNA methylation in blood collected from male eel consumers, as well as some clinical parameters, and associated these outcomes with serum POP levels. This is the first study to explore the association between extensive DNA methylation and serum POP-levels in humans.
Material and Methods

Study Population
The population consisted of 80 Dutch men aged 40-70 years, with a habitual eel consumption of at least one portion a month [2] . Men were invited to participate through professional and recreational fishermen associations and through advertisements in local newspapers and webpages. Participants filled out a questionnaire at home about fish consumption habits (including the origin of the eel), smoking habits and alcohol consumption. Blood samples were obtained between February and June 2015 by venipuncture after overnight fasting. Furthermore, height and weight were measured using standard methods in light clothes. Waist circumference was measured midway between the iliac crest and the costal margin at the end of gentle expiration and hip circumference was measured over the great trochanters. This study was approved by the Medical Ethical Committee of Wageningen University, and written informed consent was obtained from all participants before inclusion in the study. The design of the study can be found in Fig. 1 .
Serum POP Levels
Full details regarding blood withdrawal and POP measurements are described previously [2] . In short, the total dioxin-like toxic potency of compounds in serum was measured for all 80 participants with the DR CALUX bioassay at RIKILT Institute for Food Safety [26, 27] and expressed in bioanalytical equivalent (BEQ) per gram lipid. Extensive analyses for individual POPs were performed, due to financial limitations, in a subset of 38 participants with an age distribution that represents the whole study population. First, all participants were categorized in three age groups (40-49, 50-59, 60-70 years) , and subsequently by the measured BEQ levels with equal numbers of participants for low, medium or high levels (see online supplementary material for Table S1 ). The 38 participants were randomly selected from each of the categories. Stratification for age is important because POP levels are related to age [28] as is DNA methylation [29, 30] .
The extensive POP measurements included 48 individual compounds and were performed at the Laboratory of Environmental Toxicology at the Norwegian University of Life Sciences (NMBU), according to the requirements of the ISO/IEC 17025 accreditation (TEST 137). Of the 48 POPs, 30 compounds reached levels above the detection limit in at least 60% of the participants, and were therefore used in the statistical analyses (see online supplementary material for Table S1 ). The seven indicator PCBs (sum of PCB-28, 52, 101, 118, 138, and 153), recommended by the European Union Community Bureau of Reference based on their relatively high concentrations in technical mixtures and their wide chlorination range, were measured with gas chromatography followed by electron-capture detection (GC-ECD) after liquid-liquid extraction and expressed per gram lipid [31] . PFOS was measured with liquid chromatography-mass spectrometry (LC-MS) after methanol extraction and expressed per gram wet weight (ww) [32] .
Clinical Parameters
Liver parameters (aspartate aminotransferase (AST), alanine aminotransferase (ALT), and gamma-glutamyl transpeptidase (GGT) levels), HDL cholesterol, and thyroid hormones (free thyroxine (T4) and thyroid-stimulating hormone (TSH) levels) were determined in venous blood collected in lithium heparin vacutainers. Blood collected in a sodium fluoride/potassium oxalate vacutainer was analyzed for glucose, while testosterone and retinol were quantified in serum. Whole blood collected in an EDTA vacutainer was used to measure hemoglobin (Hb), hematocrit (Ht), and white blood cell counts (WBC). All samples were transferred to the clinical chemistry laboratory at the Hospital Gelderse Vallei (Ede, the Netherlands) within 3 h after blood sampling for analysis.
Associations between total BEQ levels as well as all levels of individual POPs and the clinical parameters were investigated using multivariable linear regression analyses. The association between log-transformed POP levels and log-transformed parameters was assessed while adjusting for age and waist-to-hip ratio, because these covariates had statistically significant effects on some of the clinical parameters measured. Waist-tohip ratio was not significantly related to the measured POP levels. Some of the POPs were significantly related to age, but adjustment is still important to correctly interpret results as both POPs [28] and DNA methylation [29, 30] are related to age. The standardized b coefficients are reported for the linear regression analyses and were used to interpret the influence of the POP levels on the clinical parameters. Participants with known or expected diabetes mellitus (due to high glucose levels) were excluded from the analyses on glucose and POP levels (6 out of 80).
DNA Isolation
Two participants were excluded for DNA methylation analysis since their WBC showed deviating ratios (percentage of either monocytes, lymphocytes, or granulocytes outside two times the standard deviation of the population). Therefore, DNA methylation was assessed for 36 participants with extensive POP measurements. Genomic DNA was isolated from the buffy coat using the DNeasy blood and tissue kit according to the protocol from the manufacturer (Qiagen, Venlo, The Netherlands). DNA concentration and quality (ratio 260/280 close to 1.8 and 260/230 above 1.8) were determined using a NanoDrop ND-1000 UV-vis spectrophotometer.
DNA Methylation Measurements
DNA methylation was analyzed using the Illumina Infinium HumanMethylation450 BeadChip (Infinium Inc., San Diego, CA), which addresses 485 512 cytosine positions. For the 36 participants, a total of 500 ng DNA was sent to the Human Genotyping Facility of the Erasmus University Medical Centre (Rotterdam, The Netherlands) who performed the bisulfite conversion (EZ DNA Methylation Kit, Zymo Research, Freiburg, Germany) and processed the BeadChip. Two samples had to be excluded due to technical failure during processing of the BeadChip, resulting in a total of 34 remaining samples (Fig 1) .
Data analysis was conducted as described previously [33] . In short, the minfi package (v1.16.1) [34] was used to process the intensity iDAT files in R-based open software (R 3.2.4). Positions with a detection P value of >0.01 in at least one sample were filtered, as these positions did not surpass the background signal. Filtered data were normalized using the SWAN normalization procedure. Autosomes and the X and Y chromosomes were included in the analysis, but positions containing a SNP (based on the dbSNP version 137 [35] ) at the CpG interrogation and/or the single nucleotide extension with a frequency of at least 1% were excluded. Finally, there were 467 974 positions included in the analyses and annotated based on the ilmn12.hg19 annotation [36] . Differentially methylated positions were identified as a function of log-transformed BEQ levels, sum of seven indicator PCBs, and PFOS levels (continuous variables), using the dmpFinder function for continuous phenotypes with a linear regression analyses adjusted for age and leukocyte counts (percentage of monocytes, lymphocytes, and granulocytes). Other possible confounders, such as smoking, were tested but did not significantly change the results and were not taken into account to prevent decreasing the statistical power. Statistical analyses were adjusted for multiple testing with the BenjaminiHochberg (BH) method [37] . A false discovery rate (FDR) value of 0.05 was used as the threshold to define statistical significance. Furthermore, we considered positions with a non-adjusted P value below 1EÀ04. For descriptive purposes, we also focused on a selection of the 1000 positions with the lowest P-values for each of the three individual POP groups. M values (log 2 intensity ratios) were used for statistical testing [38] , while b-values were used for visualization purposes. These b-values range from 0% (completely unmethylated) to 100% (completely methylated). All b-values as well as individual iDAT files and other relevant information are available through the Gene Expression Omnibus (GEO) repository with accession number GSE79329.
Differentially Methylated Regions
Identification of differentially methylated regions (DMRs) was performed with the DMRcate package (v1.6.1) from Bioconductor [39] . This method identifies DMRs across the genome based on tunable kernel smoothing. This analysis was again performed for BEQ levels, sum of seven indicator PCBs, and PFOS levels as these POPs showed the largest elevation upon consumption of eel from high-polluted areas. For this study, DMRs were defined as regions of at least 5 positions with a distance of less than 200 nucleotides between the consecutive positions. The default settings of DMRcate were used for the bandwidth scaling factor (C ¼ 2, resulting in a kernel size of 200/ 2 ¼ 100 base pairs). Statistical analyses were adjusted for multiple testing with the BH method and a FDR value of 0.05 was used as the threshold to define statistically significant DMRs.
Results
The 80 men included in this study showed high variability in their serum levels of dioxins and dioxin-like compounds (range from 4.9 to 145 pg BEQ/g lipid). Demographic characteristics can be found in Table 1 . Men with 'low' or 'high' POP-levels (based on the median-splits of the different POPs) did not differ regarding their demographic characteristics as confirmed by the absence of statistical significance (data not shown).
We first analyzed the BEQ levels for all 80 men and the selected panel of clinical parameters previously shown in the literature to be affected by POP exposure (ALT, AST, GGT, glucose, HDL cholesterol, Hb, Ht, testosterone, TSH, free T4, and retinol) and detected no statistically significant associations (see online supplementary material for Table S2 ). For the 38 participants for whom extensive POP analyses were performed (see flow diagram Fig. 1) , we analyzed an extensive panel of 30 POPs in relation to the same clinical parameters. Again, for most POPs no statistically significant associations were detected. Statistically significant associations were only found for two organochlorine pesticides, namely HCB levels which were inversely associated with HDL cholesterol and trans-nonachlor which was inversely associated to both Ht and Hb levels (see online supplementary material for Table S2 ). The biological effects, however, were moderate with standardized b coefficients ranging from À0.30 to À0.50 in the multivariate regression analyses.
We continued with comprehensive DNA methylation analyses to determine whether BEQ, PCBs, and PFOS levels were associated with differentially methylated positions or regions (as these three POP groups showed the largest elevation in blood levels upon consumption of high-polluted eel). No statistically significant positions were detected after correction for multiple testing (FDR < 0.05). However, we found 22, 17, and 29 positions with a P value below 1EÀ04 that were associated with BEQ levels, PCBs, and PFOS, respectively (see online supplementary ma terial for a color version of Figs S1-S3).
We further explored the DNA methylation differences based on the top 1000 positions with the lowest P value (ranging from 8.8EÀ07 to 5.5EÀ03) in more detail. Elevated levels of all three POP groups were associated with hypermethylation of most of the positions (Fig. 2A) . Approximately 42% of the top 1000 positions for each of the respective POP groups (BEQ levels 42.4%, PCBs 41.1%, and PFOS 41.6%) were located in CpG islands (CGIs), compared with 31% of the positions on the 450K BeadChip (Fig. 2B) . With higher POP-levels, slightly fewer positions were detected in the open sea and shelf as compared with all available positions on the 450K BeadChip. Most positions in the top 1000 were unique between the different POP groups, with only 82 positions identified in all three exposure groups.
We continued our analysis by searching for regions, rather than single positions, that were differentially methylated upon higher POP levels. In total, we detected 13, 8, and, 38 DMRs for BEQ levels, PCBs, and PFOS, respectively (see online supplemen tary material for Tables S3-S5) . Interestingly, three regions were detected for all three POP groups, namely DHRS4L2, ZNF85, and BRCA1/NBR2 (Fig. 3) . DHRS4L2 encodes retinol oxidoreductase protein and ZNF85 encodes a zinc finger (ZNF) protein. BRCA1 is a tumor suppressor gene, while NBR2 (the neighbor of BRCA1) does not encode a protein.
Most of the detected DMRs are annotated to known genes involved in different biological functions. Nevertheless, there were multiple cancer-related genes containing a DMR apart from BRCA1, including MAGEE2, NWD1, ZNF300, HOXA5, NET1, RHOBTB1, EDNRB, and SFRP2 (summary in Fig. 4 and see online supplementary material for Tables S3-S5 ). Furthermore, DMRs were found in genes with an immune-related function (such as RNF39, HLA-DQB1, (PUS7L)/IRAK, MPZL2, TFCP2, LY6G5C, HCG9, and ZNF416; specific exposures associated with these DMRs are mentioned in online supplementary Tables S3-5). Especially RNF39 and HLA-DQB1 (related to PFOS levels) showed a long stretch of DNA that was differentially methylated (Fig. 5) . Also, a DMR associated with PFOS was found in CYP1A1, which plays an important role in the metabolism of many chemicals (Fig. 5 and see online supplementary material for Table S5 ). In addition, some genes characteristic for germ-line cells were differentially methylated like ESX1 (with PCBs) and MPZL2 (with PFOS), as well as genes associated with neurodevelopment, such as PRRT1 and SLC6A11 in relation to PFOS (see online sup plementary material for Tables S3-S5) .
Discussion
The present study indicated that elevated levels of dioxins and dioxin-like compounds, sum of seven indicator PCBs, and PFOS were associated with differentially methylated DNA regions. These pollutants, however, did not affect the selected clinical parameters such as hormone levels and liver enzymes. Altered DNA methylation was mostly detected in genes that could be related to other potential adverse health effects, such as cancer and impaired immune responses.
No differences were observed in selected clinical parameters among those with high versus low POP levels. Although thyroid-related health effects from POP exposure are mostly observed in the early life stage, we expected adverse health effects with these, sometimes very high, POP levels based on animal studies [40] and a human study with slightly lower (OH-) PCB levels [41] . In our study, we only found moderate associations between HCB and HDL cholesterol, and trans-nonachlor and both Hb and Ht levels. More pronounced adverse health effects could be expected during sensitive stages such as early development. These parameters are under tight homeostatic regulation, and the men in this study were possibly able to compensate POP-induced effects. Furthermore, the small sample size of our study could have attributed to the lack of power to detect an association between clinical parameters and POP levels. We conclude that in this study POP levels, including very high PCB levels, were not associated with measurable effects in adult men on the clinical parameters studied.
We did observe aberrant DNA methylation among those with high versus low POP levels. While previous observational studies investigating global DNA methylation found both hypoand hypermethylation [17] [18] [19] [20] , our study investigating genespecific methylation found mostly hypermethylation within the affected regions. Aberrant DNA methylation was not investigated in relationship with POP levels before, but was shown in relation to e.g. arsenic [42] and cadmium exposure [43] . Most gene-specific DNA methylation differences were detected in CGIs, where inter-individual and inter-tissue variation is expected to be low compared to CpG-poor areas [44] . CGIs are regions in the DNA that are often associated with transcription start sites, which can result in gene silencing upon hypermethylation [45] . The low variation in these regions might ensure that relatively small DNA methylation differences, due to higher POP-exposure, were detected. On the other side, differences in regions with higher variation may need more statistical power, and consequently larger population studies. We identified three DMRs with increased methylation levels associated with higher levels of all of the three POP groups. One of these DMRs was located in the promoter of DHRS4L2, relevant for retinol homeostasis, and transcriptionally controlled by DNA methylation [46] . In our study, retinol levels were not affected. In others, plasma retinol levels were also not correlated to dioxins or PCBs, but hepatic retinol levels were dramatically decreased with increasing pollutant levels [47] . Although DHRS4L2 is only one of many genes involved in retinol homeostasis, and we measured DNA methylation in leukocytes instead of a more relevant tissue such as the liver, hypermethylation of this region associated with elevated POP levels, could theoretically be related to a disturbed retinol balance.
Also, ZNF85 was hypermethylated in men with elevated POP levels. ZNF proteins have many key functions and are important as transcriptional regulators [48] . ZNF85 is especially expressed in testicular tissues, with the highest expression levels described in germ-cell tumors and fetal tissue [49] . This gene might have a developmental function, and due to its interaction with many nuclear receptors, differential methylation could potentially lead to a diverse range of adverse health effects.
The third encoding gene detected for all three POP groups was BRCA1. Previous research revealed that dioxin-exposed rat offspring shows hypermethylation and reduced expression of this gene [50] . Also in human breast cancer cells, hypermethylation of BRCA1 was detected after dioxin exposure in vitro [24] . However, while we detected the hypermethylation in the CGI, Papoutsis et al. [51] reported enhanced methylation in the shore. BRCA1 expression is frequently silenced in breast carcinomas and promoter hypermethylation of BRCA1 is associated with tumor progression. Furthermore, it was shown that BRCA1 hypermethylation in leukocytes was more common among breast cancer patients as compared to cancer-free controls [52] .
Also HOXA5, known for its developmental role during embryogenesis and the regulation of the tumor suppressor p53, was hypermethylated with higher PFOS levels. Methylation of HOXA5 results in loss of expression of both HOXA5 and p53 and is also related to human breast cancer [53] . Our results may indicate that DNA methylation changes could be an underlying mechanism in breast cancer development due to POP exposure [54] . More research is, however, needed to verify this hypothesis.
In addition, we also detected DMRs in other genes possibly related to cancer development. NWD1 is highly expressed in male reproductive organs, related to androgen receptor levels, and might be involved in prostate cancer development [55] . Melanoma antigen gene family member E2 (MAGEE2) belongs to the larger family of cancer-germline antigens that are frequently overexpressed in cancer. ZNF300 hypermethylation is Tables S3-S5 ). Each dot represents methylation rate at the indicated position of individual samples and the lines show the average methylation levels. Analyses were based on continuous levels of the POPs; however, participants were categorized into two groups for visualization purposes. The light color represents the low-exposed group, while the dark color represents the high-exposed group based on the serum levels (median-split). Median (25-75 percentile) levels for the low-and the high- related to down-regulation of this gene during toxicant-induced malignant formation [56] , and hypermethylation of NET1 might affect DNA repair. The association between POPs and DNA methylation of cancer-related genes might explain part of the carcinogenic mechanisms these compounds have without being genotoxic [57] .
Interestingly, also a DMR in CYP1A1 was detected, which protein is involved in the metabolism of many pollutants. A relationship between the role of PFOS and CYP1A1 in breast cancer has been proposed [58] . DNA methylation of CYP1A1 has been described to influence expression levels, which subsequently could both affect the half-lives of pollutants and alter the amount of carcinogenic metabolites produced [59] .
Furthermore, dioxins and PCBs are known to suppress immune function [60] , and also for PFOS such indications exist [61] . A relatively large DMR with a distinct profile in the highexposed men was detected for RNF39, a transcription factor in the major histocompatibility complex. For both RNF39 [62] and HLA-DQB1 [63] , methylation status might be related to impaired immune responses.
This study has several limitations. The cross-sectional nature of our study makes it impossible to determine whether the DNA methylation profiles are caused by the elevated POP levels. Additionally, we must consider that the different POPs investigated are correlated with each other, and therefore the interpretation of the results with regard to individual POPs should be done with caution. Furthermore, we assessed DNA methylation in leukocytes, while most differentially methylated genes are not primarily relevant in leukocytes but in other tissues. Linking DNA methylation and clinical parameters to POP levels is difficult due to the latency between exposure and the manifestation of health consequences. A strength of our study, on the other hand, is the large variation in POP levels in our population, enabling us to investigate DNA methylation in low-to Tables S3-S5) . DMRs were found in relation to dioxins and dioxin-like compounds (green lines), sum of PCBs (beige lines), and PFOS (blue lines). Each dot represents methylation rate at the indicated position of individual samples and the lines show the average methylation levels. Analyses were based on continuous levels of the POPs; however, participants were categorized into two groups for visualization purposes The light color represents the low-exposed group, while the dark color represents the highexposed group (median-split). Median (25-75 percentile) levels for the low-and the high-exposed group are 17.1 (12.2-19. 3) and 49.6 (35.2-70.7) for BEQ levels, 246 (115-371) and 1635 (1095-2484) ng/g lipid for PCBs, and 14.3 (6.9-33.6) and 96.9 (71.8-114) ng/g wet weight for PFOS. 5'UTR, five prime untranslated region; Chr, chromosome; TSS200, 200 base pairs from the transcription start site; TSS1500, 1500 base pairs from the transcription start site high-exposed men. POP levels are very persistent in the body, making current exposure levels a good estimate of past exposures. Furthermore, the DMRs give more insight into which genes have aberrant DNA methylation than single positions do. We and other studies investigating environmental exposures found little or no statistically significant positions [42, 43] , but the analysis for DMRs revealed differential methylation. Although the magnitude of the effects may seem to be modest, previous studies have also found modest effects and suggest it might be biological relevant when longer stretches of DNA have small changes in DNA methylation [64] . Also, this is the first study that explored the hypothesis that POPs could affect genespecific DNA methylation in humans. Preliminary findings of this study warrant further confirmation in larger and independent study populations and explorative hypotheses generated from the results of our research should be tested using in vitro or in vivo studies.
Conclusions
In our study, we have shown that persistent organic pollutants in environmentally exposed men were associated with (modest) aberrant DNA methylation. The identified genes containing differentially methylated regions are involved in various biological functions implicated in health and disease. These findings carefully imply that DNA methylation may be an underlying mechanism of POP-induced adverse health effects. Additional studies with larger sample sizes are needed to confirm this trend. Revealing the biological implications of aberrant DNA methylation will be an important aspect for future studies.
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